In several recent studies, antenna-based optical microscopy has demonstrated its potential to resolve features as small as 10 nm. Most studies are concerned with well-separated features on flat surfaces, and there are only few studies that deal with samples of high feature density or even three-dimesional objects. The reason is that the external laser irradiation of the optical antenna (e.g., tip or particle) also directly irradiates the sample and therefore gives rise to a background. Here we introduce an efficient background suppression scheme that makes use of feedback modulation. The method is widely applicable and not restricted to cantilever-based scanning schemes. We apply this technique to both dense samples of dye molecules and ion channel proteins in plasma membranes and demonstrate effective background suppression and strongly improved sensitivity. The feedback modulation scheme is expected to find application for biological studies in liquid environments and for investigations of subsurface features in material science.
Optical antennas enhance the local light-matter interaction and boost the sensitivity of optical detection and sensing. [1] [2] [3] [4] [5] [6] For example, antenna-based optical microscopy, such as tipenhanced near-field optical microscopy (TENOM), have been employed to improve the sensitivity and spatial resolution of single molecule fluorescence measurements. 4, [7] [8] [9] [10] [11] These techniques were recently applied for high-resolution imaging of DNA, 7, 12 localized excitons in carbon nanotubes, 13 and single channel proteins in biological membranes. 14 A major challenge in antenna-based microscopy is that the external laser field used to excite the antenna also irradiates the sample directly. This direct irradiation of the sample leads to a background signal and limits the signalto-noise ratio (SNR) of the measurement. For samples of high abundance and samples with strong intensity variations, such as in biological systems, the weak near-field signal completely disappears in the background and can no longer be measured. Different approaches to limit this problem have been laid out, such as excitation through confined apertures 4, 7 or cantilever-based tip-sample distance modulation. 15 Here, we demonstrate a novel background suppression method that makes use of feedback modulation. Because all scanning probe microscopes employ a feedback loop to regulate the tip-sample distance, our method is widely applicable and not limited to cantilever-based systems. We demonstrate that the method makes it possible to resolve single proteins in biological membranes and to drastically improve the signalto-noise ratio and image quality.
In our experiments we employ optical antennas formed by a single spherical gold nanoparticle attached to a sharply pointed glass tip (c.f. Figure 1a) illuminated by an on-axis radially polarized He-Ne laser beam. The optical properties of such a particle antenna have been extensively studied on the single molecule level. [9] [10] [11] 16 The maximum fluorescence enhancement obtained with an ∼80 nm spherical gold particle for a single dye molecule is on the order of 8 and is achieved for a particle-molecule separation of 5-10 nm. The latter is controlled with Angstrom accuracy by a feedback loop employing a quartz tuning fork 17 operated in tapping-mode (c.f. Figure 1a) . The feedback loop tracks the resonance frequency of the tuning fork due to tip-sample distance variations relative to a preset value. 18 As shown in Figure 1b , the optical resolution of ≈65 nm is defined by the particle size and can be improved by more favorable antenna geometries, such as bow-tie antennas, 19 half-wave antennas, 6 or quarter-wave antennas. 4 Evidently, the density of molecules in Figure 1b is very low and background fluorescence due to direct laser excitation of the molecules is not an issue. However, when the density of molecules increases, the signal-to-noise decreases and it becomes difficult to discern individual molecules from the background. In the following, we will describe an experimental approach to suppress the fluorescence background and to drastically improve the sensitivity when measuring samples with dense concentration of molecules. It has to be emphasized that the approach presented here is not limited to fluorescence but can be readily adapted to other light-matter interactions, such as Raman scattering, Rayleigh scattering, or nonlinear spectroscopies.
The objective of tip-sample modulation techniques is to reject photons that do not originate from the near-field interaction between tip and sample. At the largest tip-sample distance, the signal comprises the separate contributions of sample and tip because the mutual interaction is negligible. On the other hand, at shortest tip-sample distance, the signal is dominated by the tip-sample interaction. For scatteringtype near-field microscopy it was shown that a high degree of background rejection is achieved by demodulating the optical signal at higher harmonics of the tip-sample modulation frequency. 20, 21 However, this method relies on strong signal levels and is not applicable to single molecule studies based on single-photon detection. Recently, background rejection schemes have been introduced that are applicable to single molecule fluorescence. 8, 22, 23 Similar to light-scattering based methods, the tip-sample distance is modulated by use of a soft AFM cantilever. In one approach, the detected fluorescence photons are time-stamped relative to the oscillating tip-sample distance and photons outside a predefined time-window are rejected. 8 In a similar approach, a dual time-gated photon counting scheme was applied to eliminate the confocal background by triggering the two gates with the tip oscillation. 22 In essence, both techniques rely on a selective detection of photons falling into predefined time windows that are associated with different tip-sample distances. In a third approach, the nearfield contribution has been extracted from the modulated optical signal by demodulation with a lock-in amplifier using the tip oscillation as a reference signal. 23 So far, all background rejection schemes were based on regular AFM cantilever probes operated in an intermittentmode (tapping mode). The reason is that efficient background rejection requires large tip-sample oscillation amplitudes (>10 nm), which in turn require low spring constants in order not to exceed damage limits. The background rejection schemes developed so far cannot be transferred to systems that do not use AFM cantilevers, for example, systems based on tuning forks or measurements of tunneling currents. The considerably higher stiffness of a tuning fork hinders the direct excitation of tip-sample oscillations with amplitudes of 10 nm or larger. Here, we overcome this limitation by introducing a background rejection scheme that relies on modulation of the feedback loop. We discuss this technique in terms of its ability to efficiently suppress the confocal background signal in dense samples of randomly distributed single molecules, its impact on the ascertainable signal enhancement and optical resolution, and demonstrate its applicability for membrane-protein imaging in membrane layers.
The principle of our background rejection scheme is illustrated in Figure 2 . The tip-sample interaction force is sensed by a quartz tuning fork, 17 which is mechanically driven at its natural frequency ω using a combination of a voltage-controlled oscillator (VCO) and a phase-locked loop (PLL). The natural frequency is a function of tip-sample distance d, which is adjusted by a piezoelectric tube supporting the tuning fork. For large distances, ω(d f ∞) ) ∼(2π)32.7 kHz. The tip-sample interaction shifts ω monotonically to higher frequencies. The frequency shift can be calibrated against the distance d and is used to maintain a preset distance d set by means of a feedback loop.
For the purpose of background rejection, we introduce an external modulation of the tuning fork's frequency ω. As illustrated in Figure 2 , the external modulation leads to an indirect modulation (via the feedback loop) of the tip-sample distance. In essence, the feedback loop modulation feigns a periodically varying tip-sample interaction force and the system reacts with a modulation of the tip-sample separation, which in turn leads to a modulation of the optical signal, such as the fluorescence photon count rate.
To reject background fluorescence, we demodulate the optical signal with a lock-in amplifier using the original feedback modulation as a reference. The demodulated signal is primarily composed of the real near-field signal, but it also contains a weak photoluminescence background originating from the gold nanoparticle antenna. Notice that in Figure 2 . Diagram of the feedback modulation principle. A sinusoidal modulation (10-100 Hz) is added to the feedback loop resulting in a modulation of the tip-sample distance. The periodically varying tip-sample distance modulates the photon count rate, which contains both near-field photons and background photons. To reject the background, the photons are demodulated by a lockin amplifier. The shaded area corresponds to a standard feedback system. The setpoint defines the operating frequency ω o of the tuning fork. The actual resonance frequency ω depends on the tip-sample distance d and is sensed with a tuning fork.
our implementation the lock-in amplifier does not receive an analog signal but discrete voltage pulses from a singlephoton counting photodetector. 23 To determine the modulation range for efficient background suppression, we center a gold nanoparticle antenna over a vertically aligned dye molecule and record the fluorescence rate as a function of antenna-molecule distance. The recorded approach curve is shown together with the measured resonance frequency shift in Figure 3 and reflects the strong distance dependence of the fluorescence signal. It becomes apparent that the optical antenna affects the fluorescence emission rate of the molecule over a distance of ∼50 nm, even though the strongest increase in the fluorescence enhancement is observed only within the last 15 nm. As shown in Figure 3 , a static working distance of d min ≈ 5 nm ensures that fluorescence quenching is not significant. 10 The feedback modulation scheme periodically changes the set point of the tuning fork's resonance frequency and gives rise to a modulation of the tip-sample distance d of ∆d ≈ 30..50 nm (c.f. Figure 3) . The distance modulation leads to a modulation of the photon count rate, which is then demodulated using a lock-in amplifier or photon timestamping.
To demonstrate the effect of feedback-modulation on the recorded photon counts, we activated feedback modulation, positioned the gold nanoparticle antenna over a single dye molecule, and recorded the arrival times of the detected fluorescence photons. Because the feedback is modulated at a low frequency (100 Hz), time-stamping can be implemented with a single photon detector and a continous wave laser. Figure 4a depicts a typical fluorescence trajectory, which clearly shows a one-step bleaching of the fluorescence signal. Although the time-stamped data have been binned to 1 ms, the trajectory does not reveal clear evidence of a modulated fluorescence signal. Therefore, we evaluate the power spectra of the fluorescence traces before and after photobleaching of the molecule (see shaded areas in Figure  4a ). Before photobleaching, the time trace corresponds to the modulated near-field signal superimposed to background fluorescence, whereas after photobleaching the time trace accounts only for the background. Since the latter is not altered by the modulation of the tip-sample separation, the power spectrum does not show any correlation with the modulation frequency (see Figure 4b ). In contrast, the power spectrum before photobleaching shows clearly a peak at the modulation frequency of 100 Hz and thus provides clear evidence for periodic alteration in the optical response due to feedback modulation.
To demonstrate the signal-to-noise advantage of the feedback-modulation technique, we imaged layers of Alexa 633 molecules of variable density. The results shown in Figure 5 were acquired for a density of η ∼ 60 molecules/ µm 2 . As shown in Figure 5a , at this density the molecules cannot be resolved by confocal microscopy (absence of antenna). Using the antenna effect of an 80 nm gold nanoparticle we are able to resolve the molecules (c.f. Figure  5b ) but the signal-to-noise ratio is low due to the fluorescent background. Figure 5c shows the same near-field image but now with feedback modulation activated. The modulation technique entirely removes the confocal fluorescence background and drastically improves the signal-to-noise ratio. Individual molecules become clearly resolved and the average nearest-neighbor distance can be determined to be 60-70 nm. Figure 5d displays cross sections through the three spots indicated by arrows in Figure 5b ,c. The three patterns can clearly be separated only in the image acquired with feedback modulation, which demonstrates that background suppression not only increases the signal-to-noise but also improves the resolution. The improvement of image quality is also evidenced by a narrower full-width-at-thehalf-maximum (fwhm) of the optical signals as shown in Figure 5e ,f. These cross sections are taken from the fluorescence patterns of single molecules with different transition dipole orientations (c.f. Figure 1b) . Because of the illumination with a radially polarized laser beam, out offplane (vertical) molecules appear as a single spot, while inplane molecules exhibit a double-lobe pattern. 24 For the molecule shown in Figure 5e , feedback modulation yields a narrowing of the peak width. The same accounts for the molecule shown in Figure 5f . Nonetheless, the distance between the two peaks remains the same and reflects the size of the optical antenna.
In the following, we analyze more quantitatively the signal-to-noise improvement obtained by feedback modulation. In our measurements, we observe a constant background even in the absence of background fluorescence from the sample. This background signal (I lum ) originates from the luminescence of the gold nanoparticle antenna 25 and defines a limit for the achievable signal-to-noise ratio (SNR). Taking also into account the detector noise I det we can represent the SNR as 
SNR )
I nf I ff + I lum + I det (1) where I nf is the near-field signal and I ff the far-field fluorescence background due to direct sample illumination. Feedback modulation removes I ff and the relative SNR enhancement becomes
where we dropped I det because it is typically much smaller than the luminescence background I lum . I lum is roughly independent of the sample properties whereas I ff depends on the density η and the detection area A det . In case of a three-dimensional sample, η needs to be replaced by the volume density and A det by the detection volume. Obviously, the larger the initial density and detection area (volume) the larger the SNR enhancement will be. Notice that I ff and I lum both scale linearly with the illumination power. The SNR enhancement f SNR implies that feedback modulation improves the near-field fluorescence enhancement. In other words, the ratio between the fluorescence levels recorded with and without an optical antenna can be increased with feedback modulation. To demonstrate this effect, we performed measurements on samples with different dye densities. The results for the densest sample (η ∼ 60 dyes/µm 2 ) are summarized in Figure 6 , which shows the distribution of fluorescence enhancements obtained for many different single molecules. Without feedback modulation, the average fluorescence enhancement is only 2-3 (Figure 6a ). Repeating the measurements on the same sample but with feedback modulation activated yields an average fluorescence enhancement factor of 15, which is a clear improvement over the unmodulated near-field fluorescence enhancement.
The histograms shown in Figure 6 reflect a broad distribution of enhancement factors, which is caused by the diversity of molecular dipole orientations. Previous studies on lowdensity samples revealed higher enhancement factors for molecules with out-of-plane (vertical) dipole orientations and weaker enhancement factors for in-plane (horizontal) molecules. 11 The histogram shown in Figure 6b turns out to be invariant to variations in the molecule density, which demonstrates the efficiency of the feedback modulation technique and its capability to completely suppress the farfield fluorescence background in near-field optical imaging.
To demonstrate that our feedback modulation technique also works with more complex samples, we applied the technique to map out membrane proteins in erythrocyte cell membranes. The nanoscale imaging of biological samples, such as intact cells, is one of the most promising applications of near-field microscopy, 26 and recently, antenna-based microscopy was used to image fluorescently labeled membrane proteins in their native environment.
14 These studies are challenged not only by the abundance of membrane proteins, but also by autofluorescence arising from lipids and other biomolecules, and from a lower signal enhancement due to the liquid environment. Background fluorescence suppression is therefore of critical importance.
Here we use a gold nanoparticle antenna in combination with feedback modulation to map out the distribution of individual Ca 2+ proteins in isolated plasma membrane layers. Ca 2+ ATPases (PMCA1) of erythrocytes were labeled specifically against a cytoplasmic epitope binding site using monoclonal antibodies. 27 The confocal fluorescence image shown in in Figure 7a indicates that the high protein density prevents individual proteins to be resolved with diffractionlimited resolution. On the other hand, when imaging the same sample area with an optical antenna we are able to recognize individual Ca 2+ ATPases as isolated fluorescence spots (c.f. Figures 7b,c) . However, without feedback modulation the near-field image is characterized by a strong confocal background. The density of fluorescence spots is on the order of 30 proteins/µm 2 . Because of the strong fluorescence background it is not possible to clearly resolve closely spaced proteins. On the other hand, once feedback modulation is employed, the SNR improves drastically and individual molecules can be clearly identified (c.f. Figure 7c) .
The most evident feature of feedback modulation is the high dynamic range in the recorded images. For each fluorescence spot in the recorded image shown in Figure 7c , we determined the fluorescence enhancement (ratio between count rates obtained with and without optical antenna) and plotted the values in a histogram (c.f. Figure 7d ). We find a rather broad distribution of enhancement factors ranging from 10 to 125. While the general shape of the distribution is similar to the one obtained for isolated dye molecules ( Figure  6 ), the magnitude of the enhancement factors is considerably higher for single proteins. The origin for the higher enhancement is multiple labeling, that is, most proteins are labeled by more than one fluorescent molecule. The large fluorescence enhancements and high image contrasts that we observe on isolated plasma membrane layers indicate that feedback modulation is an effective means for optical bioimaging on the nanoscale.
The detection of weak signals by means of antenna-based near-field microscopy has been challenged by the background generated by external illumination. Thus, the ascertainable signal enhancement depends strongly on the object density and the signal strength. Here we demonstrated that the background can be effectively suppressed by periodically altering the feedback signal and demodulating the detected photons with a lock-in amplifier. Feedback modulation suppresses the background and leads to improved signal-tonoise and image contrast. Application of this feedbackmodulation scheme to a single membrane layer enabled us to entirely remove the fluorescence background and to clearly identify individual Ca 2+ membrane proteins. The background rejection scheme introduced here is most promising for investigations of intact cells and samples of high abundance. In terms of cell imaging, this technique is able to eliminate not only the background due to fluorescent antibodies but also the background originating from cellular autofluorescence. It can be expected that this technique will find wide applicability for studies in liquid environments and investigations of structures buried underneath the sample surface. Although we focused here exclusively on fluorescence studies, this technique can be also used in connection with other spectroscopic interactions, for example, Raman scattering or infrared absorption. Thus, this technique might also find wide applications in the field of material science.
